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For the {first time the role of the internial heat source. due to radioactive decay in

Triton’s core, isinvestigated withrespeet 10 geyser-like plumes. Triton is one of only three
known objects in the Solar Syst e (the other two are Farth and the Jovian satellite lo)
where eruptive activity has boen definitely observed. A new mechanisi of energy supply
tothe Tritomancruptive p hames is proposed. This mechanisi is hased on heat tr ansport
mthesohid-nitrogen polar caps due to thierm al conveet ion. in addition to conduction. The
conduc tive- conveetive moclel shows that a 1 1 inercase in the Ny ice subsurfaccetempera-

turcoverthesurfacevalue 1S reached much (%10 Hser to the surface inaregion of ill] upwelling:
subsurface plume compared {o a pure conductive cawse. This temperature rise is suflicient
1o double the nitrogen vapor p ressure. Thierefore. it 1S enough to drive the atmospheric
plumes to the observed height of 22 8 kin. provided TIK warmer nitrogen ice encounters a
ventanid heniee is exposed (o the e215 jrbar Tritonian a nosphere. Solid-state convection
onsels 1P anitrogen lay er 1S suflicient]y thick and the average solid Ny grain size 1S sl
cnongh. We present the eritical values of these paaarneters {for Triton. A possibleorigin of

the subsurface vents on I'riton 18 also suggested.
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INTRODUCTION

The discovery of 8 km-high, geyser-like plumes in nnages of Neptune's Jargest satellite
Triton was a highlight of the Voyager 2 mission (Smith ef «l. 1989). At least fowr active
geyser-like phamnes were observed using sterco hmaging shortly after the Voyager 2 {lyhy in
August 1989 (Soderblom b al. 1990). Sterco imaging, helped to distinguish between the
albedo markings and above the surface phenomena. Eruptions at 49 S0 2 Foand b6 S, 38
1 were documented guite well. They were dark columnns of gas and dust, with radit up to
about 1 km, which were driven downwind over 100 kin after reaching a height of about
8 k. Pheir lifetime was estimated to he on the order of one to five Earth years. This
phenomenon is surprising at first glance hecause Triton s far from the Sun (=30 AU.)
and its swface temperature of =38 K is one of the Jowest in the Solar System. I fact, it
15 mmeh Jower than was expected hefore the Voyager flyby, whoen some investigators were
considering a Hqguid nitrogen ocean on Iriton’s surface.

During the Voyager 2 encounter it was spring in Triton’s Southern Hemisphere, with
the subsolar point at 45 S and moving farther south to its extreme position of 52 5. Sinee
the geyser-like plunes were identified on Triton only i arcas of continuous sunlight, solar
enerpy was thonght to play an important role in driving these phenomena. Brown et al.
(1990) investigated solid-state greenhouses as mechanisms of solar energy supply to the
plumes. Here we evaluate the plausibility of an alternative heat source: internal hieat due
to radioactive decay in Triton’s inferred silicate core. We also mvestigate an alternative
mechanisin of energy supply: conveetion in the solid nitrogen caps.

The previous models of seasonal volatile transport on Friton (Spencer 1990, Spencer
and Moore 1992, Nansen and Paige 1992) considered only conductive heat transfer. Using,
an analogy with water-ice glaciers on Yarth, viscous flow was incorporated for the fivst
time i the model of Brown and Kirk (1994) without considering ¢ weetive oflects. Jn
their work only the along slope velocity was caleulated for estimating olar cap spreading

- the non-linear conveetive term V7' o Vo was not included,
PHYSICAL MODEL
Following Smith et al. (1989), we consider Triton to be completely differentiated mmto
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a rocky core, a water-ice mantle and a swrlface layver of volatile ices. The ground-hased
discovery of mitrogen on the Triton’s stface by Cruikshank ef «l. (1984) was confirmed
by the identification of a primarily nitrogen atinosphere during the Voyager 2 {lyby. From
recent ground-based spectroscopy (Cruikshank e ol 1993) 1t 1s known that solid nmitrogen
comprises & 99% of Triton’s surface ices, heing at least tens of centimeters deep (sinee the
nitrogen absorption feature is usually so weak that its identification speaks for the presence
of a deep Ny layer). Therefore, in owr basic model we assume pure nmitrogen polar caps.
Permanent solid Ny layers are considered to bhe hright (Duxbury and Brown 1993), and
scasonally formed nitrogen ice to he transparent (Fluszkicwiez 1991). Nitrogen is Inghly
volatile at Triton’s temperatures and is helieved to he i vapor pressure equilibrivm with
the atmosphiere. (Note that Ny vapor pressure 1s very sensitive to temperature changes.)
Henee, due 1o Tatent heat of sublimation- condensation eflects, the satellite has a nearly
wsothermal icy swface, when even the temperature of Ny jce on the dark side of Triton
is the same as on the day side. The temperature of the lower atinosphere was mcasured
by Vovager 2 as 38 » K, and from more recent ground-based spectroscopy the surface
temperature was obtained (Tryka et al. 1993, 1991) more precisely as 38 : I

An extensive silicate core has heen inferred for Triton (Smith e «l. 1989) from a
relatively hiph mean density of 2.004 g/cin® (Voyager 2 estimate). The core radius was
estimated to bhe &=1000 km, whereas Triton’s mean radius is about 1352 ki, Henee the
core comprises =70 % of Triton’s mass. 1t was estimated by Brown el ol (1991) that
the internal hicat source can amount to b+ 20% of 1riton’s absorbed insolation. Whenee
Triton’s imternal heat source due to the radioactive decay in the core is the largest.
proportion to the insolation it absorbs, among, all outer planct satellites, except Jo. These
clues and the preliminary estimates of the Rayleigh munbers for solid nitrogen at plausible
values for Triton’s subsurface temperatures, sugeest that sohid-state convection in nitrogen
polar caps, as an alternative mechanism, could supply the energy necessary to drive the
plumes from the internal heat flow.

Here we consider conductive heat transfer and convective heat and mass transport in
1 hie subsurface due to the permanentbasa heating: of the solid nitrogen layer. A signif-

icant temporature inerea se at the hase of he solid mtrogen laver is caused by the large
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thermal conductivity differences of the water-ice mantle and the overlyving nitrogen ice. Us-
g laboratory measwrements (Khnger 1980) of the water-ice thermal conductivity gives:
Ao/ AN, = 050100 in the range of temperatures 40 63 K plansible at the nitrogen ice
mantle interface. Consequently, solid nitrogen acts as a thermal insulator for the mantle
from the outer cooling. From the condition of encrgy conservation on the boundary bhe
tween nitrogen ice and water ice, and from the estimate of 0.3 K /kimn for the steady-state
temperature gradient in 1,0 ice by Smith et ol. (1989), the gradient in the nitrogen layer
1s =10 - 30 K/kim. Conveetion in solid Ny redistributes a uniform hasal heat flow in a way
that the surface heat flow s sigmificantly increased in the vieinity of an upwelling plume.
We will he interested in the locations of 39 K isotherms, since there (under the assumption
of a 38 K surface temperature) the difference of 1 K is reached, which is suflicient to double
Ny vapor pressurc.

Following IKirk (1990), we consider that at low stress levels (resulting from a relatively
small thickness of nitrogen layers and sinall slopes) and at Iriton’s temperatures, DIFFU-
SION CREEP is the dominant solid-state creep mechanmisim. Thus we treat nitrogen ice
as o Newtonian viscous fluid with a shewr viscosity independent of stress. We are not
interested in bulk viscosity, sinee it is multipliecd hy energy dissipation due {o compression,
and in the Boussinesq approximation density is considered constant everyvwhere except in
the buovancey tern.

Dislocation creep (which is alternative to the diffusion ereep) is deseribed by a non-
Inear flow law, leading to the viscosity being dependent not only upon temperature and
pressure, but on stress as well. However, even in the case of the Farth’s mantle many modecl
calculations show (sce Schubert 1979 pp. 297-298 for ref.) that choosing of either a lincar or
non-hnear flow law 1s not cssential, Both mechanisis are thermally activated and therefore
have the samme exponential form of dependence of effective viscosity upon temperature and
pressure (see Christensen 1984 {or formulas). The dependence of viscosity upon these
parameters far outweighs its dependence upon stress, i.e. it 1s much more important than
the mfluence of a nonlinear relation between stress and strain rate. The isignificant
mfluence of stress upon viscosity compared to the temperature and pressure influence in

power-law creep was also recently shown in the experiments of Goldshy and IKohlstedt
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(1995). They performed measuremients for 11,0 ice 1 under Jow stresses (Goldshy, poers.
communications, 1995). Therefore, we are concerned here only with Newtonian rheology.
For the range of thicknesses we consider, it s also possible to negleet the dependence of
viscosity upon pressure sinee the pressure at the base of 1-km Ny layer is only about 7.9
[

We model conductive-convective heat and mass transport in ‘Triton’s mitrogen cap
for a two dimensional, steady-state case in the permanent deposits up to 1.2 ki thick,
considering thermal convection with heating only from below (i.e. Rayleigh- Benard casce).
On the upper boundary the tangential component of the shear stress is taken as zevo. All
modcling is performed here for the case when the hasal temperature (63 K) is lower than
the nitrogen melting temperature (63.748 X at 1’ 0). Unlike water ice, sohd Ny does not
undergo pressure induced melting. Henee thickening of a cap does not reduce the nitrogen
melting temperature and does not produce melt at the base. On the contrary, the melting,
{emperature inercases with presure growth (Scott 1976).

Both velocity components are taken as zero on the lower boundary. The lower rigid
houndary is chosen, since we assume that a solid nitrogen layer is based on a solid water-ice
mantle. The lower rigid houndary is preserved if a slope (and thus latitudinal spreading
of the cap) is included in the model. This can be justified by topography on the scale of
0.5-1 Xkm, which was obscrved by Voyager 2 just to the north of the southern polar cap
and thus scems to bhe natural on the southern polar cap itself. The lack of topography
obscrved on the southern polar cap can be explained by the highly rheological (at Triton’s
temperatires) and thick nitrogen ice which burvies the relief. The underlying relief would
not allow nitrogen glaciers to shide.

The topography obscrved to the north of the southern cap also justifies our choice
of about 1 km thick Ny, deposits, since the southern polar cap was scen by Voyager 2
as a smooth featuwre. A more detailed justification is provided in the work of Brown
and Kk (1994). They caleulated the cap thickness for different Tatitudes, taking into
account. conduction in Triton’s mantle, sublimation (condensation) from the cap’s surface
and viscous spreading of the cap under its own weight. The mitial thickness of nitrogen

ice in their mimerical model is 100-150 m globally. These values have been adopted using
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an analogy with the Saturiian satellite Titan, which was suggested by Cruikshank ef. al.

Had

(1984). Titan is the only hody in the outer Solar System, besides Triton and Pluto. known
{o have nitrogen i its atmosphere. Titan’s thick nitrogen atinosphere was detected by
Voyager 1 1m 1981, From 61 moons detected in the Solar System only four are known to
have atmospheres: To (S0,), Titan (Ny), Triton (inostly Ny) and, recently, detected by
Hubble Space Telescope a tenuous O, atmosphere of Earopa. Since Titan’s mean surface
temperature of about 94 K is above the mitrogen boihng temperature (277,36 X at - ]
atim and Titan’s atmospheric pressure of &1.5 har near the surface does not incerease the
boiling temperature noticeably), most of Titan’s Ny has been sublimated.,

Following Brown and Kirk (1994), we make the assumption that Triton’s total mass
of solid N, has the same ratio to the satellite’s mass as 1t would be on Titan, i all
Titan’s atmosphere were condensed. Therefore 120 m of solid nitrogen globally on Fitan
translates into about 80 m globally on Triton, since Titan’s radius of &=2H75H kin is greater
than Tyiton’s. Triton could have accumulated even more nitrogen than Titan, hecause
it was formed much farther from the Sun. Nonctheless, heing less massive than Titan,
Triton may have lost some of its imtial nitrogen inventory by hydrodynamic escape or
photo ionization. Titan’s abundance of nitrogen is =0.08 of the solar abundance. 1 the
solar abundance of nitrogen (about 1 part in 1000) is asswied on Triton, then it would be
cquivalent to a solid GLOBAL layer &1 ki thick (Brown and Kk 1994). This translates
imto a cap thickness much more than 1 k. We take this value as an upper Innit and reduce
our considerations here () the lower abundance oft N, on “Ivi ton. A mumerical 1oa ¢1 by
Brown and Kirk (1994) uses the thickness of the globally uniform nitrogen I wyer as an
mitial condition. Their calculations predict the existence of permancent polar caps up to
12007 mthickatthe poles assunnng Titan’s abundance of nitrogen 011 Triton. Seasonal
condensation (sublimation) on 1 riton is only about 1 m (Spencer 1990) henee the scasonal
layer does not change the permanent caps much. <1 ‘heresult of the Brown and Kirk modcl

calculations with the initial global value of 1.50 m IS presentedinFig, 1
NUMERICAL ANALYSIS

We consider the complete 21 Boussinesgformulation of the nronic: 11, ratherthan
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using a parameterized approach based on the Nusselt Ravleigh munber relati on with the

1 /8powerlawapplicableonlyina 1 1) case. (Note that the Nusseltnumber 18 the ratio of
t he conductive plus conveetive heat flow to t he heat flow 11t he case without convection ).
Application of this expression for the Nusselt munber is connmnon in planctary science but
for the purposes of determmining the depth of an isothermn having a cortain temperature
difference with the smface temperature at least a 21 formulation IS required. A numerical
approach enables us to compute ther edis tribution of the subsurface tempoeratures due to
convection, The inercase of thie heat flow in the region of upwelling subsurface carrents
dep endsupon the intensity of thermal conveetion, 1. ¢. upon the Rayleigh number.

We use the Boussinesq approximation to the Navier-Stokes equations for the mathe
matical deseription of the problemn. The following conditions (Jarvis and McKenzie 1980)

for the apphication are satisfied:
o<1, d/Hp =107 <1,

where 1" is the absolute temperature, « s the volumetric thermal expansion cocflicient,
1y = ¢/gais the temperature scale height, ¢ is the specifie licat at constant pressure, ¢ 18
the gravity acceleration, and the thickness d of the convecting layer is taken here as 1 ki,

Schhuter et el (1965) performed the stability analysis of the Boussinesq equations
m the domain of imfinite horizontal extent. For the finite high aspect-ratio domains 21
convection atinfinite v numbers (170 = v/k, where oy is the kinematic viscosity, k= Xep
is the thermal diffusivity A is the thermal conductivity and pis the density ). Convection
can become time-dependent at RRa about 40 to H0 times eritical (sce Hansen of al. p. 71,
1991 {or ref)). This value of Ra is far above our estimates for Triton. Thercfore for &
constant kincmatic viscosity v we deal numerically with the following non-lincar systeimn of

the second-order equations in partial derivatives (Landay and Lifshitz 1089):

\Np
0 V

OV /ot (VN)YV - wdiv VY aflg, (1)

dioV(r,y) - 0, (2)
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pacd0]01 - div(AN) - pyc) o NG pycV o N 0, (3)

where 4 = - he conductive reference temperatu e, € 1s the per urba jon

over this conductive temperature, p s the pertwrbation over aydrostatic pressure. ¢ 1s the
eravity acccleration vector. The cocflicients ¢ and A are taken as constants equal to then
values at the mean of the upper and lower boundary temperature. Viscous dissipation s
neglected in the energy eq. 3. We consider untilted eclls only, i.c. the right-hand side
in the second sealar oq. 1 is equal to zero. The condition of incompressibility (2) means
that the pressure is varying only slightly, so that he densi oy changes due to changes in
pressure may be negleeted. T egs. 1-3 density is considered constant (py) and also taken
at the average temperature everywhere, exeept tiat the buoyaney foree (right-hand side
of eq. 1) where it depends upon temperature. I general, 1, should be taken as a solution
of the heat conduction equation with variable cocflicients. But for the constant thermal

conductivity. the reference temperature can e taken as one-ditnensional:

Tor  Ti0)f2 (e L) *y/d,

where 1y, 1, are tamperatures at the upper and the lower boundaries, respectively, and
Le beginning of the coordinate system is at the center of e domain For a steady flow

which we will consider, ime derivatives in egs. 1 3 are equal to zero.

A constant kinematic viscosi v s taken in eqs. 3 ast v np/po, where is hie

constant dynamic viscosity at the average of the upper and lower idary cmperature
This choice of constant internal viscosity is commmonly justified in he I erature Hy Booker’s
xpernnents 1976 with Holybutene ol was shown by these experiments that convective
jeal transport wi - a variable viscosi .y can be approximated by a constant viscosity case

with the viscosity choser as mentioned above.

We solved the eqs. 3 wi e following houndary condi jons:

)
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av,

V,(2,0,1) = 0, - ),
g(2,0,1) = 0, oy (
y: 0
av, .
0 0,  Vi(0.y 1): (),
D
a= 0
OV,
Oy 0, Vo(dyyd) - O,
Ox »

For the pertuwrbation t emperature, the houndary conditions are:

o oo

O dw
a0 a:dy

0. Ol d): (0 0L 0.1):0.

The choice of the houndary conditions was justified while developing; the phyvsical model.

Following Kirk (1990 and pers. comm.) we consider Nabarro Herring: (volume) diflu-
ston as the prevailing creep mechamsm i a Ny ice cap on Triton for plausible solid nitrogen
grain sizes and Triton’s temperatures. The tanperature has to be representative of the
whole N, layer, therefore we adopt a mean value of 50.5 K for the temperature diflerenec
of 2b K across the layer, and 45.5 I for the difference of 15 K. Self-diflusion is a connnon
phenomenon 1n solids, at least in the vicinity of their melting points (Esteve and Sullivan
1981). I 1s a thermally activated process. We caleulated the mitrogen dynamic viscosity
using, the self-diflusion cocflicient for solid nitrogen molecules from the nuclear magnetic

resonance experimental measurcments by Esteve and Sullivan (1981):

DOy = 1611 %107 sccap(- (10300 20)/7). s (4)

The uneertainty in the exponent stems from the acenracy in determining the activation
enthalpy A [l = 10304 25 K. where by = 1.381 x 107 2% J/X is Boltzanann’s constant.
We used this cocflicient in the dynamie viscosity formula for polyvervstalline solids with
volume diflusion (Raj and Ashby 1971):
(.«'(]‘(')]\'/3]v
; flv . 4q i 5
0= o nema (%)
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where © = 4.7 % 107 2% is the moleenlar volume (Bluszkiewiez 1991), d, is the grain
diamcter (asswining spherical grains), and (' s the numerical correction factor for finite
strains which reflects the changes of the grain’s shape. The factor (7 is roughly 0.4 (Kirk
1990; Raj and Ashby 1971; Goodman ¢ al. p. 272, 1981). Thus the main nneertainty in
these caleulations is the mean grain size of nitrogen deposits on Triton.

According to ¢q. 5, the maximmm viscosity variation across all of Triton’s solid nji-
trogen layer is about 2.83 x 107 for the temperature variation of 25 K. Torrance and
Turcotie (1971) reported as a result of thar nmunerical experiments that the Nu munber
is approximately constant (1.e. there is alimost no change in heat transport bhetween the
horizontal boundaries) if the viscosity contrast across a layer is more than 20 and less than
2.2 > 10" In their computations Ba/Raiiiear = 5470 for fice-free houndaries and an
imfinte Prandt] number.

Fven a small decrcase in the average grain size gives a significant rise to the ratio
Ra/Ra . iticat, where the Rayleigh number is defined as Ra = ag/NT'd? [k, Thermophiysi-
cal cocflicients are taken in this defimtion at the average of the upper and lower boundary
temperature, AT is the temperatuwre difference hetween its value at the lower and the
upper boundaries and Raeyigieqr = 1100.65 (Chandrasckhar 1981). This munber is the
minimum Rayleigh nunber required for the onset of convection for upper stress-free and
lower rigid houndary conditions. T'he minimum IS taken with respect to till horizontal
wavenmunbers. The eritical Ra provides a suflicient condition for the onset convection in
an untilied domain. T'he corresponding horizontal wavenumber is 2.682. Both eritical val-
ues are independent of the Prandt]l munber. Representing the system in a dimensionless
form viclds a product of the Py ! (veciprocal of Prandt] munber) and the sum of the
acceleration term 9V /9t and the inertial term (VV) V. The Prandt] nunber for the solid
nitrogen on Triton, evaluated at the mean of the upper and lower houndary temperatures,
is essentially infinite (Table 1), Henee the above mentioned produet can be omitted.

The steady-state solution of the egs. 1-3 is not unique, if the horizontal wavenunber
of the conveetive cell is not specified. There is no way of determining the horizontal
wavenunber « {for the initial temperature and the {for the velocity perturbation over the

conductive state in Triton’s nitrogen polar caps. (Here we additionally asstine nniform
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cells and thus have only one horizontal wavenumber). This wavenunber determines the
width of the formed cells (n/a) in the case of a layer with infinite horizontal extent, and
thaerefore influences the effectiveness of the conveetive heat transport across the layer, 1.
c. ifluences the Nusselt number. For example, the maxinmun Nusselt nuunber for a fixed
value of the Rayleiel number (and thercfore the most effective hieat transport across the
layer), is reached at an aspect ratio of the cell equal to one i the case of free-free houndary
conditions (Turcotte and Schubert 1982). Extreme initial horizontal wavenumbers provide
minimum and maxinnun Nusselt numbers for a given Ra. Horizontal wavenmunbers o {or
stable 21 cells are known to be in the interval 1.8 - 4.3 {or free-rigid boundaries (Fig. 2).
IFor a 1 kin solid nitrogen layer we obtain the range of cell widths 7: a/7: 0.0% - 1.4 k.
Aud the maxinnun width of a stable roll is much less than the satellite’s mean radius of
about 1352 kin. This means that sphericity of the domain can bhe neglected when we take
a narrow cross-section in the subsurface.

T'he conventional eriterion used to scleet a wavenumnber was hased for a long time on a
hypothesis (Malkus 1954) that the convecting fluid should transport a maxinmun amount
of heat (thus maximizing the Nusselt number). This may be correct {for the turbulent
regime under high Rayleigh numbers, hut was shown munerically to bhe immcorreet (Foster
19G9) for the two-dimensional Jaminar convection under infinite Prandt] namber, whicli is
likely to take place in Triton’s polar caps. I the case of a domain with infinite horizontal
extent, the conveetive solution is defined by the set (Ra, Pr. a). These values are not
completely independent, since under high Rayleigh numbers the growth of Ile influences
the horizontal wavenunber a. Unfortunately, theoretical and experimental works report
the opposite influence (see Booker 1976 for references). For a fimte domain, not only the
initial wavenumber o influences the size and numbaer of formed conveetive cells but the
aspeet ratio of the domain as well (Foster 1969). An example can he given for a domain
with an aspect ratio much greater than one, where one mitially introduced cell hreaks into
two cells (MceKenzie et al. 1974). The cofleet of the lateral houndaries is to put a constraint
on the allowable motion, thus this constraint may cause lowering of the Nusselt munber.
This was also confirmed by Foster’s (1969) computations.

We took an initial temperature field in our computations as a bilincar interpolation of
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the solution for temperature from Kvernvold (1979) with Ra == b X Racyiticar. Analysis is

performed there for the layer of an infinite horizontal extent having a horizontal wavenmumn-
ber of 2.6, Hence an aspeet ratio of the cell (and thus of our domain, since we consider only
one cell) is 7 /a ~ 1.21. The chosen wavenmunber is close to the wavennunber 2,682 (Chan-
drasckliar 1981) corresponding, to the minimum critical Rayleigh nunber for our free-rigid
boundaries.  Thercefore, it provides the stability condition for the two- dimensional rolls
im a wide range of Ra mumbers: {from Ra slightly higher than Racpiicar = 1100.65 up to
Ra ~ 32 X Ragiticar (Fig. 2). H the solid-nitrogen grains on Iriton are much smaller
than we consider in this work, the Rayleigh nmunbers may excced the second eritical Ra
~ AT X Raeriticar Tor the stable rolls, implying, time-dependence nr conveetive currents.
We constructed a finite-difference scheme in which the conveetive term in the energy
cq. 3 is treated using an upwind tecdmique and all other spatial derivatives are approx-
imated with the central space differences. The scheme hias o Ist order of approximation
in spalial variables for a non-uniform grid. The non-uniformity is nceded to resolve the
boundary layers. An iterative method is used to solve the resulting, non-linear system of
diserete equations. Yor the case without time-dependence, relaxation of the solution of the
fully implicit scheme to the stationary solution was achieved. In our calewlations of the
conductive - convective temperatures and of the corresponding velocity fields, mtrogen ther-
mophysical coeflicients (Scott 1976) were considered to he constant and taken as imdicated

i Table 7.
RISULTS

Nitrogen vapor pressure is extremely sensitive to temperature changes at Triton’s and
Pluto’s cryogenic temperatures. A temperature rise of 11 over the surface value is enough
to double the nitrogen vapor pressure. In twrn, this mercase in pressure s suflicient to
drive Triton’s plumes at the initial supersonic speed of about 125 m/s (Yelle ¢t «l. 1997).
Taking the negative influence of atmospheric drag and the positive influence of plume
buoyancy into consideration, it was calculated by Yelle ¢t el. (1991) that the mdicated
initial speed can bring the plunes to the observed height of about 8 k. For the solid-

nitrogen conveetive cell we computed that the isotherm 7%,,-1 1T K rises on the ascending
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side of the conveetive cell to a depth of 216.4 m (the closest approach of this isotherm to
the smiface) for Ra = 5 X Ragyiicar (sce Figo 3 for illustration). This value is less than
the corresponding depth of 40 m for the pure conductive case having the same constant
temperature gradient of 26 W/km, Thus, existence of stable subswrface vents exposing
warmer by 1 180 N,y ice to Tritoman atmosphere 1s el more probable for the case with
convection. The indicated temperature incrcase will he even closer to the surface for the
larger Rayleigh munbers. Analyzing the structure of the computed temperature field we
sce that the conductive-convective temperature gradient can he considered approximately
constant in the upper boundary layer. We showed that, i conveetion even with sinall
supereritical Ra numbers occurs, it may drive the plumes by redistributing internal heat
i the subswrface without the solid-state greenliouse efleet. Subswrface thermal conveetion
redistributes the internal heat flow 11 a way that the heat flow is inercased in the vieinity of
an upwelling subswface plune (Ieft side of the conveetive cell in Fig. 4) and s decreased
in the region of downwelling: carrents, compared to a pure conductive case. Therefore,
atmospheric plumes can be considered a manifestation of subswface conveetive plumes.
Laminar conveetion in solid nitrogen occurs if a nitrogen ice layver is thick enough
and N, ice grains arc small enough, We computed an approximate critical thickness of
the nitrogen layer helonging to different plausible polar caps. This thickness is presented
in Fig. OA as a function of Ny ice average grain diameter and is suflicient to obtain
Ra = Racpiticar and Ra = b X Ra,yiiicar, vespectively, For the higher pair of curves the
scelf-diffusion cocflicient of nitrogen ice is assumed to be cqual to the average estimate
from the measurements of Fsteve and Sullivan (1981), whereas {for the lower pair, the scelf-
diffusion cocflicient is taken at the upper imit from the same expernnental measurements
(eq. 4). In our computations of the Rayleigh numbers we take into consideration the
change of the mcan temperature (at which the parameters comprising the Ra are taken)
with the change in the nitrogen thickness.  The seventh-order polynomial was used to
approximate the temperature dependence of density, the second-order polynomials for the
heat resistivity (the inverse of the heat conductivity), and the third and sccond-order
polynomials for the temperature dependence of the Ny heat capacity, respectively. A

pure conductive temperature gradient of 25 K/km is assumed. This gives the maximum
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thickness of about 1 i1l {for the case without melting at the ba se. Fig. b1 is a bl owup

of Fig. bA for siall thicknesscs, Tt de amonstrates that conveetion onsets for arbitrary
thin layers if solid nitrogen grain diameters are less than the cortain eritical values. For
example, for the layer 33.33 m thick the eritical diamcter 1s calculated to he about 0.064
pan using the average estimate for the self-diffusion cocflicient from eq. 4, and it 1s about
(.12 ynn using, the upper limit of the measurements of the self-diffusion cocflicient and the
pure conductive gradient of 25 X/km. The corresponding diameters for the onset of the
solid-state conveetion in a layer 11 m thick, when the conductive gradient of 22.5 K/kmn
is assumed, are about 0.6 x 107 ® m and 0.1122 x 10 “1n. Note that the eritical thickness
is a very sensitive function of a solid Ny grain size, which is an unknown paramecter for
Triton. In Fig. 5C the same set of curves is plotted as in Fig. bA but the pure conductive
gradient is assumed to be 22,5 K/km. The corresponding grain diameters are larger in
this case compared to the conductive gradient of 25 K /km.

1t is highly plausible that a shallow vent (in a region of the upwelling subsurface
phune) needed for a geyser to operate is maintained by multiple cubic-hexagonal phase
transitions in solid nitrogen (Duxbuwry and Brown 1993). These phase transitions were
observed in laboratory experiments to he disruptive (Scott 1976). at least going from the
higher temperature hexagonal phase to the denser cubie phase of nitrogen. Numnerical
modeling (Duxbury and Brown 1993) showed that a - 4 nitrogen fronts can penetrate
down to about 35 m for solid Ny layers thicker than 150 m, often with two phase {fronts
propagating simultancously. In the presented subsurface conveetive model the viscous
spreading of the cap under its own weight was not taken into acconnt, since only untilted
conveelive colls were considered.

Addressing: the question of impurities, we note that CHy, CO and €O, as minor
constituents in the solid solution with Ng, can raise the phase transition temperature
bhetween the cubie a and hexagonal 3 crystalline phases. When the surface temperature
decrcases, this can cause the carlier shattering of the more contaminated arcas (Duxbury
and Brown 1993). Viscous spreading of the solid-nitrogen cap under its own weight may

he responsible for closing the geyser’s vent and stopping the eruption,
DISCUSSION AND FUTURE WORK
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Though the requirements on the thickness of the nitrogen layer and the corresponding,
grain size scem to be strict, we have to keep in mind that in reality there s a slope present.
For this case conveetion onsets for Ra < Rayiiear = 1100.65. because of the virtual
incrcase of the eflective height of a convective cell. Thus convection occurs for the layers
whose {hickness is smaller than we have caleulated considering: only the sufficient condi-
tions for conveetion. Therefore in reality conveetive conditions on Iriton are lessrigorous
than we have presented on Figs. b A Ailted coll can be considered also ina 21 approxi-
mation but periodie boundary conditions for the velocity on lateral boundaries are more
appropriate in this case. Fgs. 1-3 do not depend upon the choice of a coordinate systenn,
For the more general case of a tilted convective cell, 1t s convenient to choose the OX axis
along the slope and OY perpendicular to it. I the angle hetween OX and the horizon-
tal is cqual to ~, then the gravity acecleration vector ¢ = {gsiny, geosy} in the chosen
coordinate system. We estimated the maxinnun slope (near the edge of the cap) to have
siny = 1079 which is much less than the eritical value of about O deg, when convection
changes to a 3D mode (Kassemi, pers. com.) We compared the average horizontal velocity
component in the absence of the slope in our conductive-conveetive model calculations
with the along-the-slope velocity component from Brown and Kirk (1994) in the absence
of thermal conveetion. Both values are about 8 mn/Farth yr. Therofore further mmunerieal
simulations, allowing coupled convection and viscous spreading, are needed.

Since owr model works for sufliciently thick Ny, layers, one would expect to find geyvsers
near the South Pole as well, Visual images taken by the Voyager 2 had their hest resolution
of =1 km ncar the terminator (45 deg N, and their worst resolution was near the South
Pole. Morcover, the South Pole was viewed at oblique viewing angles. Thirdly, the sterco
images, where the phunes were originally detected, were taken only of a few regions on
Triton. Therefore Yovager 2 images cannot supply us with suflicient information about
the polar regions.

We solved eqs. 1-3 numerically {for a constant viscosity., In the case of a strongly
temperature-dependent viscosity, a nearly stagnant region develops near the uppar hound-
ary., Thercefore, an effective height of the convective cell is reduced. The hicat transport in

this overlayer is primarily by conduction (isotherms are alimost parallel). Since the thermal
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conductivity of solid nitrogen is very low (Table 1), scaling conducting overlayver shiclds
the deeper conveeting layers from the outer cooling. This prevents viscosity beneath the
overlayer from inercasing and henee prevents conveetion in the underlayers from cessation.
Thus we do not expect the conducting upper laver to be thick compared to the thickness
of the whole Ny cap. TFuture numerical modeling: with variable viscosity for solid nitro-
gen s needed to determine the closest approach to the swface of 1Y, -1 1 K isotherm.
Large scale modeling will also be useful sinee it includes horizontal interactions betweern
conveetive cells.

Since dust is present in the cap, dust particles are restricting the growth of solid
nitrogen crystals. The growth of crystals is cansed by surface tension.  Change in the
orientation of grain boundaries, which occurs during the growth, may cause the cessation
of the growth even ina pure substance. One can apply the Zener theory for the estimate of
the grain size of solid nitrogen (Kirk, pers. comm.). The theory was suggested for the grain
growli in metals and was considered only semiquantitative (Smith 1948). Tt estimates the
maximum grain size depending upon the size of inclusions, since there are other factors
which can stop the grain growtli. Among those are changes in the orientation of the grain
boundaries during the growth, different shapes of inclusions, the positioning of inclusions
al grain and cdges vertices. Morcover, there is a feedback from the thickness of the whole
layer on the size of grains comprising the layer (experiments with metals, Smith 1948 p.
48). Yollowing Kirk (a letter to N S. Duxbury dated March 31, 1995) in caleulations of
N, frost mass flux, we get a value of 3.17 x 10" #hg/m?s. In these calculations the solar
flux on Triton was taken from Brown ¢f al. (1991) and the long-term average value was
used. Then, using the dust flux value of 4.5 x 10" kg /m*s and the dust grain diameter
estimate of & 5. x 107 7 m from Pollack ¢t al. (1990), we obtain a maximum solid nitrogen
grain diameter as & 10.5 em. Though the optical estimates of a mean dust grain diametey
were good, the obtained upper limit for solid Ny grain diameter in Triton’s permanent
nitrogen layer has an uncertainty of about a factor of ten. It stems from the uncertainty

in the dust flux estimates obtained by Pollack et al. (1990) using Voyager 2 data.

SUMMARY
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Owr numerical simulations of convection i solid nitrogen showed that the tempera-
ture diflerence of 1 K can be reached in the case of conductive-convective heat and mass
transport much closer to the swrface than in the pure conductive case. We assumed that
Triton is completely differentiated with a core being &= 70 % of the satellite’s mass. (This
estimate stems from the p = 2.054g/cmn®, Voyager 2 observations in August 1989). The
corresponding internal heat flow at the surface is & 3.1 x 107 W /a? (Smith ef al. 1989).
Due to the small thermal conductivity of solid mitrogen this translates into a large thermal
gradient of 15 - 30 K/km in Ny ice. The temperature difference of 1 K is enough to double
the Ny vapor pressure and thus to drive the plumes to the observed height of about 8
k. Subsuwrface vents to a depth where AT = 1T K can be provided by shattering of solid

nitrogen as a result of the crystalline phase transition (Duxbury and Brown 1993).
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Figure Captions

Fig. 1. Possible nitrogen cap thickness versus latitude.  Comprutations were taken
from the Brownand Kirk (1 994) model with an mitial globally uniform nitrogen layver 150

m thick.

Fig. 2. Region where 21D convective cells with upper free and lower rigid boundaries
are stable relative to arbitrary 31 infinitesimal disturbances.  The plot is taken from

Kvernvold (1979).

Fig. 3. Rising of the upper 39 K isotherm (solid curve) under the influence of the
ascending warm currents of solid nitrogen (Ieft side) and the isotherm lowering on the right
side of the conveetive cell due to the descending cold currents. A surface temperature of
38 W and Ra = b X Racpiicar are assuied. Yor comparison, the pure conductive 39 K
isotherm, corresponding to the steady-state gradient of 25 K /km, is marked with the upper
dashed line. 1 is located at the depth of 40 m. Similar behavior of the lower (1 60.5 1)
conductive-conveetive isotherm is shown. It corresponds to the near-melting temperature
of solid nitrogen. The corresponding conductive 60.5 K isotherm is marked by the lower

dashed line,

Iig. 4. Velocity field computed for a 21) conveetive cell (roll) with the upper free and

lower rigid boundary conditions.

Fig. HA. Thickness of permanent solid nitrogen layers suflicient to obtain Il
Racyiticar and Ra = b X Rag,iiicar versus a plausible average solid Ny grain diameter. The
first is marked by the curves with {illed cireles and the second - by the curves with open
triangles. The arcas above the curves correspond to the cases of Ra > Ragyiqicqr and
Ra > b X Racyiticat, respectively. A pure conductive gradient is fixed for all depth at 25
K/km. For the higher pair of curves the self-diffusion cocflicient of nitrogen ice is assumed
to be cqual to the average estimate from the mcasurements of Fsteve and Sullivan (1981).
For the lower pair the self-diflusion cocflicient is taken at the upper himit from the same

Pl

experimental measurcimoents (eq. 4).
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Fig. 5B. A Dlowup of Fig. HA for small thicknesses and the average estimate of the

self-diffusion cocflicient for solid nitrogen (cq. 4).

Fig. 5C. The same set of curves as in Fig. 5A but the corresponding pure conductive

gradient is assumed to be 22.5 K/km.
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Table 1.
Convective model parameters.

Temperature’, K 50.5
K
Density, ﬁw% 970
_ J

Heat capacity, RER 1482,5
Th I ductivit W 0.207

ermal conductivity, oz :

m=2 .
Thermal diffusivity, ry 1.44"10-7
Volumetric thermal expansion coefficient, K-1 2¢10-3
o .m

Gravitational acceleration, 3 0.79
Dynamic viscosityb, Pas 2.5469797 " 1013

. o . m2
Kinematic viscosity, s 2.628462 0*1010
Prandtl numberb 2¢1017

a Average of the upper and lower boundary temperature for solid N,.
b For solid N,grain diameter of 0.2 mm is assumed. Diffusion coefficient from Esteve

and Sullivan (1981) is used to calculate the temperature dependence of n and
pressure dependence is neglected (P= 0),
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